Fertility and gene diversity were estimated in three second generation (F 2 ) seed stands (SPA 1-3) and two clone trials (CSO 1&2) of Eucalyptus camaldulensis to assess the impact on seed crop. F 2 seedlots were evaluated in comparison to native provenances, ten commercial clones and interspecific hybrids at diverse sites. SPA 1&2 were genetic gain trials of five first generation (F 1 ) orchard seedlots, SPA 3 a plantation of one F 1 orchard seedlot, and CSOs were clone trials of 21 commercial clones established at two contrasting sites. Fertility variation, as indicated by sibling coefficient, was high (Ψ, 9-14) in the SPAs as only about 26 % trees were fertile compared to 81 % trees in CSOs. Effective population size was higher in SPA 1 and 2 (N s , 95 and 74, respectively) than SPA 3 (N s = 39). Fertility was highly skewed in CSO 2 resulting in low effective population size (N s = 2) compared to CSO 1 (N s = 11). Constant seed collection enabled 3-fold increase in relative population size and 22 % higher predicted gene diversity in CSO 2. Genetic diversity (H e ) estimated using SSR markers was higher in SPA 1&2 and native provenances (NAT), compared to SPA 3 and CSO 1, whereas CSO 2 and clones had lower values. There was a high positive correlation between estimated H e and predicted gene diversity values of SPAs and CSOs. H e was positively correlated to mean field survival and negatively correlated to kraft pulp yield (KPY), evaluated at three years in progeny trials across three locations. Number of alleles per locus was higher in SPAs and native provenances compared to CSOs and clones. Discriminant principal component analysis clustered CSO, NAT and SPA seedlots in different groups while commercial E. camaldulensis clones clustered close to NAT. Multilocus outcrossing rate was generally high (t m , 91-100 %), though selfing was observed in two families of SPA 3 and CSO 2. Selected interspecific hybrid families of commercial E. camaldulensis clones (with E. urophylla and E. pellita) evaluated at two of the sites had higher H e and KPY than clones at three years.
Introduction
Eucalyptus camaldulensis Dehnh is widely cultivated in India as it is well adapted to tropical regions with hot dry summer and low rainfall. Native provenances of E. camaldulensis like Kennedy River, Laura River, Morehead River and Petford were identified to give higher productivity than the Indian eucalypt land race (Varghese et al., 2000) . Commercial clones of E. camaldulensis developed from selections in provenance trials (Kulkarni, 2014) helped to enhance productivity of eucalypt plantations. Since majority of eucalypt planting in India is in farmlands with varied soil, climate and management practices, the best suited clone may not be deployed at each site. A few clones are often planted over vast areas resulting in outbreak of pests and diseases, leading to elimination of some best performing clones (Krishnakumar et al., 2014) . A breeding program for E. camaldulensis was implemented in southern India with seed collections from over 500 selected trees of 11native Australian provenances (Doran et al., 1996) . Improved seed was supplied to farmers from first generation unpedigreed and pedigreed seedling seed orchards (Kamalakannan et al., 2007; Krishnakumar et al., 2014) . Many of these plantations have been used to produce seeds to meet the large planting stock requirement of farm forestry. Clonal plantations are also used as source of seed to replace the low yielding eucalypt land race. These plantations do not conform to typical seed orchards that package genes and generate improved seed after a generation of breeding. Good quality seed from proven source can enhance productivity and genetic base of planting stock. In tree improvement programs clonal seed orchards (CSO) are expected to give higher gain than seed production area (SPA), and clonal plantation of best suited clone can give enhanced yield at a given site (Griffin, 2014) . The gain however depends on the degree of outcrossing among trees and adaptability of genetic material to the deployed site (Burgess et al., 1996) . Seed stands give comparatively lower gain but maintain higher diversity and hence offer a conservative but safe strategy (Lindgren, 2003) . A study was therefore taken up to evaluate the genetic quality of seed obtained from seed stands (referred as SPA) and commercial clone trials (referred as CSO), in comparison to native provenances, commercial clones and their interspecific hybrids (E. camaldulensis x E. urophylla/E. pellita).
Genetic diversity is a prerequisite for genetic improvement of a species. Davidson (1998) observed that "eucalypt improvement in India has remained weakly supported from the point of view of domestication", and emphasised the need to maintain sufficient diversity for success of future generations. Qualitative and quantitative knowledge of genetic diversity provides a scientific basis for better management of genetic resources in forest tree species (Poltry et al., 2003) . A detailed understanding of genetic diversity available in breeding populations is necessary to enhance gain in advanced generations and maintain diversity in planting stock (Johnson et al., 2001 ). Molecular markers are valuable tools used for characterization and evaluation of genetic diversity within and between populations (Hou et al., 2005) , and different levels of improvement (Lyngdoh et al., 2013) . Among these markers, microsatellites (simple sequence repeats: SSRs) are widely used due to advantages like high levels of polymorphism, co-dominant nature and high reproducibility (Sumathi and Yasodha, 2014) .
It is necessary to keep track of genetic diversity of planting stock along with the improvement obtained in wood traits (Jones et al., 2006) for sustaining productivity with domestication. This involves a detailed analysis of the variation in genetic and phenotypic traits with genetic improvement. In a recent study, seed lots collected from second generation SPAs and clone trials (CSOs) were seen to be more productive than native provenance seed (NAT) in progeny trials evaluated at three sites in southern India (Varghese et al., 2017) . The study also revealed that site effect on growth, kraft pulp yield (KPY) and wood density was greater than that of planting stock (between different sources -native provenance, SPA, CSO and clone). Though clones had slightly higher pulp yield, low adaptability of some clones resulted in poor overall survival at three sites. To reduce mortality and maximize wood production it is necessary to address the growth limiting factors by understanding the adaptability of planting material, and soil moisture status of different sites (White et al., 2014) . Genetic gain achieved in breeding programs is often associated with loss in genetic diversity, which is essential for ensuring fitness of the planting stock (Ivetić et al., 2016) . Optimizing these traits is a key factor in determining the genetic quality of seed crop (Funda and ElKassaby, 2012) . Silva et al. (2018) emphasised the need to maintain adequate effective population size in breeding populations, to minimise productivity loss due to inbreeding, when high selection intensity is used for enhancing gain. They suggested using quantitative analysis and genetic marker based estimation of genetic variation in orchards, for balancing gain and diversity in breeding programs. Fertility of parent trees plays a major role in determining the diversity of progeny. Fecundity of orchard trees can be used to predict gene diversity of seed crop and relatedness among progeny, by estimating fertility variation and co-ancestry (Lindgren and Mullin, 1998) . Fertility based gene diversity estimates have been used to determine overall benefit from seed orchards (Kang et al., 2001; Kamalakannan et al., 2007) , while molecular markers have been widely used to evaluate genetic structure and diversity of seed orchards (Chezhian et al., 2010; Jones et al., 2006) . The correlation between predicted gene diversity, and genetic diversity estimated from molecular markers ) is not well evaluated. Management strategies like individual tree seed collection can be used to reduce the impact of fertility variation and enhance predicted gene diversity of seed crop (Kang et al., 2003) .
Estimation of genetic diversity loss from native base population to breeding and production populations, in relation to gain obtained , would be vital for scientific domestication of a species. Mating system may vary in different populations which can have a significant impact on allelic frequency and performance of the crop (Rao and Hodgkin, 2002) . For maintaining genetic diversity in an orchard it is necessary to optimize (Danusevicius and Lindgren, 2010 ) the number of genetically unique individuals that contribute to gene pool. The number of individuals required to maximise gain for a given diversity can be optimised (Funda et al., 2009) if the relationship between these factors is known. This paper describes the fertility status and predicted gene diversity in second generation E. camaldulensis SPAs and clonal orchards, and their validation using molecular markers. The study aims to investigate the mating pattern and extent of inbreeding in second generation populations, and test the hypothesis that genetic diversity of seed crop has a significant impact on phenotypic traits of progeny.
Materials and Methods
Individual tree seed collection was made from 7-11 trees (or clones) each in three SPAs (SPA 1-3) and two clone trials (CSO 1-2) located in southern India at five years of age (Table 1 and 2). Fecundity of trees was estimated before seed collection as described by Varghese et al. (2003) . SPA 1&2 were thinned genetic gain trials of bulk seedlots from five first generation (F 1 ) seedling orchards established as per a breeding program for E. camaldulensis (Doran et al., 1996) and SPA 3 was a thinned plantation of one F 1 orchard seed lot maintained for seed production. The clonal seed orchards were replicated clone trials of 21 commercial clones at two diverse sites (CSO 1 -in red soil and CSO 2 -in black soil). Fertility variation and predicted gene diversity were computed for the stands based on fecundity estimates of parent trees. Progeny trials comprising 48 openpollinated seedlots of three SPAs and two CSOs, and 183 native provenance families (Laura river, Kennedy river, Morehead river and Petford) were evaluated at three diverse sites. Phenotypic traits like growth, survival (%) and pulp yield (%) were evaluated in these seedlots at three years, in an earlier study along with 10 commercial clones as control (Varghese et al., 2017) . Four superior interspecific hybrid families were also used for comparison at three years from hybrid family trials (out of 16 control crossed families of commercial E. camaldulensis clones with E. urophylla/E. pellita), tested along with the E. camaldulensis seedlots at two locations (Kamalakannan et al., 2011) . Data analysis of E. camaldulensis progeny trials using Genstat 17 (VSN International, Hemel Hempstead, UK) is explained by Varghese et al. (2017) . Two phenotypic traits namely mean survival rate (%) and kraft pulp yield (KPY) reported (across three sites) in that study, were used to evaluate the impact of genetic diversity on variability of the traits.
Fertility evaluation in orchards
Total fertility of a tree (ρ 1 ) was taken as the average of the male and female fertilities of each tree. When equal number of fruits is collected from each tree, the female fertility is assumed to be constant, equal to 1/N, where N is the census number of trees (genotypes) in the stand. Constant seed collection (Kang et al., 2003) was made in the orchards since fecundity varied among trees, by collecting same quantity of seed (about 5 g seed) from each tree to equalize the maternal fertility and avoid over representation of high fertility trees.
Dynamics of seed orchards
Sibling coefficient (Ψ) was calculated from the number of genotypes in the stand (N) and individual fertility (ρ 1 ) of each tree to describe fertility variation among the trees (Kang et al., 2001) , Group coancestry (Θ) is the probability that two genes taken at random from the gene pool of the expected seed crop will be identical by descent. Since the current plantations originated from parent orchards established from a wide base of more than 500 trees of 11 native provenances (Kamalakannan et al., 2007) and several unrelated clones the trees in SPAs and CSOs were considered to be non-related and non-inbred. All pairwise coancestries will thus be equal to zero and all self-coancestries equal to 0.5 and the Θ can be calculated (Kang and Lindgren, 1999) as where ρ 1 is the probability that genes sampled at random from the gamete pool originate from genotypes i. When the seed bearing trees are considered non-inbred and non-related, effective population size (status number) can be calculated (Lindgren and Mullin, 1998) as where ρ 1 is the contribution from individual genotype i to the gamete pool and N the census number of trees in the orchard. Relative status number (N r ) was used to compute the proportion of the effective number of trees contributing to random mating with the actual number of genotypes retained in the stand, Expected gene diversity (GD) was estimated in terms of group coancestry (Kang et al., 2003) . Since the originating reference population (which is the natural forest from which plus tree seeds were obtained for developing the first generation orchards and clones) is assumed to have zero group coancestry, gene diversity is calculated based on the increase in Θ (GD = 1 -Θ).
Genotypic study
Leaf samples were collected from 25-35 randomly selected seedlings each of open-pollinated seed sources, namely native provenances (NAT), three SPAs and two CSOs. Ten commercial E. camaldulensis clones and 14 bulked seedlings from four control crossed inter-specific hybrid families (Table 1) were also sampled for estimating genetic diversity (H e ). Leaf samples were collected from 10-12 progenies from three tested families each of second generation SPAs and CSOs for mating system analysis. Leaf samples collected from young leaves were powdered using liquid nitrogen and stored in -80° C. Genomic DNA was isolated from the young leaf tissues using the modified CTAB protocol described by Hendre et al. (2012) . Twelve polymorphic SSR primers were selected for marker analysis by capillary genotyping adopting two-tier PCR system described by Nagabhushana et al. (2017) .
Statistical analysis
Genotypic data generated were analyzed and compiled using Peak Scanner V 1.0 software (Applied Biosystems, Foster City, USA) for determining the exact allele size. Allele sizes for each SSR locus were used for genetic analysis using Cervus 3.0 software (Kalinowski et al., 2007) , for estimating the number of alleles (N a ), expected heterozygosity (H e ) and polymorphism information content (PIC). Using the software GenAlEx V6.5 (Peakall and Smouse, 2012) , the hierarchical partitioning of genetic variation within and among second generation seedlots (SPAs and CSOs) was estimated by Analysis of Molecular Variance (AMOVA) with 1000 permutations. Genetic relationships among individuals were analyzed by discriminant
analysis of principal components (DAPC) using a multivariate ordination method in the R package ADEGENET (Jombart, 2008) . Outcrossing rate was estimated in three families each of SPAs and CSOs using the multilocus estimation model of MLTR 2.3, using 1000 bootstraps. Multilocus (t m ) and single locus (t s ) outcrossing rate, bi-parental inbreeding (t m -t s ) and multilocus paternity correlation (r p ) were estimated in open pollinated families (Ritland, 2002) .
Results

Fertility variation in SPAs and CSOs
Fertility was low in the SPAs with 23-26 % fertile trees (Table 2 ). In the CSOs 81 % trees were fertile, but fruit set was very low in four clones in both clone trials (data not shown). Fertility variation was very high in SPA 1&2 (Ψ, 11 & 14) as the stocking (N) was more than 1000 trees. Since 74 % of the 369 standing trees in SPA 3 had not flowered, sibling coefficient was high (Ψ = 9.5) indicating high genetic drift. The two CSOs located at two contrasting sites differed considerably in fertility. Two clones in CSO 2 had unusually high fecundity contributing almost 80 % of the flowers and fruits in the stand. Sibling coefficient was very low (Ψ = 1.95) in CSO 1 as fertility variation was low among clones. Among the clonal stands CSO 1 had high representation (67 % trees contributed 80 % fruits) of parent trees in the seed crop, as fertility was quite balanced compared to CSO 2. The mean number of fruits produced per tree was higher in CSOs and fertility was less variable in the clones as indicated by the low sibling coefficient in CSO 1. In CSO 2, the trend was almost the same with the exception of two clones that dominated the seed crop due to unusually high fecundity (average 14330 fruits/tree). Since there were many parental genotypes in the SPAs and substantial variation in fecundity, fertility variation was high with less than 10 % trees contributing 80 % fruits in each stand.
Effective population size (N s ) and predicted gene diversity (GD)
SPAs had higher effective population size (N s , 39-95) than clonal stands (Table 2) since there were more genotypes contributing to seed crop. Since SPA 1&2 had more than 1000 trees, N s was almost twice as that of SPA 3. CSO 2 had very low N s (1.98) due to very high contribution from two clones resulting in 27 % lower predicted GD than CSO 1 and just over 9 % trees contributing 80 % of the seed crop. Since fecundity was more balanced in CSO 1, 67 % trees from 13 clones (data not shown) contributed the same proportion of fruits (80 %) produced by just two clones in CSO 2. This imbalance and low gene diversity in CSO 2 was moderated in the seed crop by resorting to constant seed collection from 7 mother trees (7 different clones). Constant seed collection from mother trees enabled 66 % reduction in sibling coefficient resulting in 3-fold increase in relative contribution and 22% enhancement in predicted gene diversity of CSO 2 (Table 3) . Though CSOs had lower predicted gene diversity constant seed collection enabled increase in predicted GD especially in CSO 2.
Genetic diversity and phenotypic traits
Genetic diversity (H e ) was highest in SPA 1 seedlot (0.70), followed by SPA 2 (0.69) ( Table 4) . Progeny of SPA 3, NAT and CSO 1 had the same H e (0.68) value, whereas it was lower in CSO 2 (0.65) and commercial clones (0.54). The allelic diversity was highest in SPA 2 (7.4 alleles per locus) and lowest in commercial clones (4.5 alleles per locus). Hybrids had higher H e (0.71) and Table 1 Genetic material used for the study Table 2 Fertility variation and predicted gene diversity of progeny in SPA and CSO (Table 5) , indicating high levels of variation within each population. Principal coordinate analysis (PCoA) based on pairwise genetic difference, indicated separate groupings for native seedlots (NAT), SPAs and CSOs (Figure 1) . Two-dimensional discriminant analysis of principal components, clustered the E. camaldulensis populations in three different groupsSPAs, CSOs and NAT; with commercial clones falling in the same group as NAT. However, there was some overlap of SPA progeny with CSO and NAT clusters. In general, all individuals were differentiated by their source of origin.
Mean survival (%) and pulp yield (KPY %) of E. camaldulensis seedlots and clones (across three sites -obtained from an earlier study), and four hybrid families (from two of the sites) at three years are listed in Table 4 . Two second generation SPA seedlots (SPA 1&2) had significantly higher mean survival than clones and CSO2 seed lot at three sites, whereas the hybrid families had better survival than E. camaldulensis clones and seedlots at two experimental sites (Table 4 ). E. camaldulensis clones had more or less similar pulp yield as the seedlots but hybrids had 2 % higher absolute pulp yield than clones at the respective sites (data not shown).
Genetic diversity (H e ) showed positive correlation with survival rate and negative relationship with pulp yield in E. camaldulensis (Figure 2 ). There was also a very high positive correlation between predicted gene diversity (based on fertility variation) and genetic diversity (H e ) value estimated using SSR markers in SPA and CSO seedlots of E. camaldulensis ( Figure 3 ).
Mating system
The MLTR estimates for single and multi-locus outcrossing rates and bi-parental inbreeding for fifteen families (3 each of SPAs and CSOs), and multilocus paternity correlation for each orchard are presented in Table 6 . Outcrossing rate was high in all families assayed from SPA 1&2 and CSO 1 with t m values 
H e
Predicted GD ranging from 0.91-1.0. Self-pollination was observed in one family each of SPA 3 (31 %) and CSO 2 (23 %) whereas other families in these stands were outcrossed. Even though outcrossing rate was high in SPA 2 and CSO 1, bi-parental inbreeding was observed in one family each in these stands. All families of CSO 2 had 3-6 % bi-parental inbreeding compared to other seedlots. Correlated paternity was generally low with 6-10 % full sibs in the SPAs and 2-6 % full sibs in CSOs.
Discussion
Variation in genetic diversity with genetic improvement Genetic improvement programs are expected to generate superior planting stock compared to native stands and unimproved land race. Breeding plans are developed to produce genetic gain and conserve genetic diversity by controlling relatedness among deployed individuals. Loss of diversity and increase in relatedness are expected in advanced stages of improvement (Johnson et al., 2001) . As relatedness increases beyond a certain point, depending on deviation from random mating, the expected benefits may not be obtained (Kamalakannan et al., 2016) . Inbreeding can build up if seeds from very few mother trees are used to establish a stand, and next generation will be derived from mating between close relatives. Adequate representation from different families will be needed for production of outcrossed seed. Increase in genetic gain is expected with progression from native provenance to seed production area (SPA) and clonal seed orchard (CSO), but the associated loss in diversity is often not evaluated (Lyngdoh et al., 2013 ). In the current study, genetic diversity (H e ) of SPA 1 was 3 % higher than that of native (NAT) seedlots, whereas ten E. camaldulensis clones of 0.7 % higher absolute pulp yield had almost 30 % lower H e than SPA 1. Deployment of ten E. camaldulensis clones of low genetic diversity (H e = 0.54) across three diverse sites was however associated with almost 52 % lower mean survival than SPA 1 seedlot. While H e decreased from SPA1 (0.70) to CSO 2 (0.65) survival rate dropped from 76 to 54 %, and survival was lowest in clones (50 %) with least genetic diversity. Inbreeding in forest trees is generally associated with reduced growth and survival, which becomes prominent with age and environmental stress (Liby et al., 1981; Williams and Savolainen., 1996) . Breeding populations generally have higher diversity than native base population when mating occurs between different provenances (Lefevre, 2004) . Compared to seed crops, deployment of clones will reduce genetic and allelic diversity, and the number of unique genotypes (Ingvarsson and Dahlberg, 2018) . First generation SPAs of E. camaldulensis were established in southern India with a broad genetic base (Krishnakumar et al., 2014) , which enabled a wide range of traits to carry forward in next generation. This study revealed that that there was no loss in genetic diversity when genetic gain trials of F 1 SPAs were converted to second generation (F 2 ) seed production areas. Recurrent breeding helps to maintain or even increase diversity available in native populations as observed in three generations of E. urophylla in China (Lu et al., 2018) . Cornelius et al. (2006) proposed management strategies to conserve genetic diversity for twenty generations of improvement in desired traits. Despite not being typical seed orchards, SPA progeny performed on par or better than commercial clones and native seedlots at diverse sites (Varghese et al., 2017) . Further improvement in advanced generations will depend on management of inbreeding and co-ancestry for conserving diversity.
While classical breeding approaches focus on phenotypic selection favoring only desirable trees, it is equally important to understand the prevailing genetic diversity for effective conservation with each generation of improvement. Second generation breeding populations of E. pellita gave 10 -16 % gain in North Queensland (Harwood et al.,1997) and Indonesia (Leksono et al., 2008) , as there was sufficient diversity in the species (Pegg and Wang, 1994) . Genetic diversity of first generation E. globulus trees in Australian national breeding program was similar to the native populations, but allelic richness was less (Jones et al., 2006) . The same trend was reported by Zhang et al (2014) in first generation selections made from native populations of Pinus radiata. In Sitka Spruce, El-Kassaby (1992) reported higher heterozygosity in seed orchards than native stands. SPAs and native seedlots evaluated in this study had relatively higher number of alleles and PIC compared to CSOs, indicating the genetic quality of seed from different sources. Leite et al. (2008) reported higher diversity in SPA progenies than wild E. grandis populations and 11 % lower diversity in CSO progeny compared to SPA. Offspring from clones harbor more diversity than the parent clones especially with regard to number of alleles in deployed crop (Ingvarsson and Dahlberg, 2018) . Seed crops of CSOs evaluated here had 30 % more alleles than ten commercial clones as the CSOs had 21 clones including ten commercially deployed clones. Genetic analysis (Zelener et al., 2005) . A similar trend of higher diversity within populations was observed in this study, which shows that adequate diversity exists in second generation seed crops. Multivariate clustering using DAPC analysis grouped SPAs and CSOs in distinct groups while native seedlots and commercial clones formed indistinct groups, with some clones diverging towards CSOs. This is due to the fact that commercial clones were also represented in CSOs. A similar overlap in PNG and north Queensland provenances was reported in a genetic analysis of native E. tereticornis seedlots (Chezhian et al., 2010) .
Impact of fertility variation on gene diversity
Large fertility difference is observed among trees in plantations (Bila et al., 1999) and seed orchards (Varghese et al., 2003) . In general, only a proportion of individuals in a population makes a major contribution to the gamete gene pool and transmit their genes to progeny (El-Kassaby, 1995; Gonzaga et al., 2016; Tambarussi et al., 2017) . Fertility variation will contribute to rapid accumulation of relatedness and inbreeding in subsequent generations (Kang et al., 2001) . Seed crops from all the SPAs in the current study can be expected to have lower predicted diversity than the parent orchards due to low fertility observed even in second generation stands. Fertility was reported to vary in F 1 SPAs of E. camaldulensis between a moist location (73 %, Ψ = 2) and dry site (45 %, Ψ = 5) in southern India (Kamalakannan et al., 2007) . Fecundity of trees has a big impact on fertility variation as evidenced by the Ψ values in two CSOs (1.9 &10.5) in the current study. Chaix et al. (2007) used fertility observations to identify imbalance in mating in Eucalyptus orchards. Though fertility was low in the current F 2 SPAs (26 %), genetic diversity of SPA 1&2 was higher than the native seedlots. This is because these SPAs had large effective population size, and were composed of seed crops from several F 1 orchards . SPA 3 had comparatively lower genetic diversity as it originated from one F 1 SPA, and had lower stocking than other SPAs. Effective population size and predicted gene diversity of CSO 1 were lower than that of SPAs, but genetic diversity was on par with SPA 3 due to low sibling coefficient and balanced contribution from most clones. Kamalakannan et al. (2016) reported low fertility variation (Ψ=1.4) in a clone trial (80 % contribution from 55 % genotypes) of 40 E. camaldulensis clones, which is in line with the trend observed in CSO 1. Fertility variation in seed stands is generally higher than that in clonal orchards (Kang et al. 2003) . Fertility variation can however have greater impact in a clonal stand compared to seedling orchard due to lower number of genotypes contributing to the gene pool. The situation can be quite alarming if fertility is skewed in a clonal stand as seen in CSO 2. Difference in fecundity and gene diversity was reported in teak CSOs (Ψ, 8.3 vs 1.7) across sites (Varghese et al., 2006) and between years (Nicodemus et al., 2009 ) in southern India.
Trade-off between genetic diversity and phenotypic traits
Gain achieved in a species will vary with phenotypic variability of traits in base population and the response of each trait to selection. Based on correlation between traits and response to selection it may be necessary to prioritize the traits for improvement. A strategy has to be evolved, to decide the selection intensity for optimal trade-off with diversity according to a breeding plan (Mora and Saavedra, 2012) . Phenotypic trait expression is often influenced by genotype -environment (GxE) interaction as seen in the growth pattern of E. camaldulensis genetic material reported here. Site had a major impact on phenotypic traits of E. camaldulensis with significant GxE effects for growth and survival across three low rainfall sites, depending on the length of dry season (number of dry months per year). Survival of clones and CSO 2 seedlot was higher (60 & 69 % respectively) in a site with 3-4 months' dry spell compared to other two sites (42-51 %) experiencing 5-7 dry months (Varghese et al., 2017) . Poor correlation between growth and wood traits (Hung et al., 2015) also makes it necessary to decide the intensity of selection for arriving at an optimal improvement strategy for traits of interest. Kamalakannan et al. (2016) developed a strategy to optimize gain and effective clone number in a CSO of E. camaldulensis.
Genetic diversity plays a significant role in determining adaptability and fitness of genotype to diverse environments, which is evident from the mean survival of planting stock across sites in the present study. Genetic material of low diversity (commercial clones and CSO 2 seedlot) showed higher variation in survival across three diverse sites, compared to other seedlots (Varghese et al. 2017) . Survival of two SPA (1&2) seedlots (with higher diversity) ranged from 67-72 % (in site with long dry spell) to 75-88 % (in site with short dry spell), which indicates the capability of these seedlots to adapt to moisture stress in different sites. Field survival of seed crops with low diversity (resulting from self-fertilization or related mating) is reported to be poor in stressed conditions (Funda and El-Kassaby, 2012) . Populations with narrow genetic base like clones are more sensitive to environmental changes than those with higher genetic diversity (Bouvet et al., 2005) due to inability to compete in heterogeneous conditions (Resende et al., 2018) . Li et al. (2017) reported that temperature and rainfall are the most prominent factors causing GxE differences, and deployment of genetic material across diverse sites may reduce heritability and productivity at each site. It is therefore evident from the current observations that reduction in genetic diversity affects the adaptability and productivity of genotypes in sites with diverse climatic conditions. Pulp yield is of significant economic importance to pulp industry but as seen in this study, variability in pulp yield is low in E. camaldulensis (Dehon et al., 2013) , and efforts to enhance this trait will adversely affect genetic diversity and survival substantially. Hence strategies to improve absolute pulp yield by over 1 % using clones and low diversity (high intensity selection) seedlots would result in reduced wood yield in multiple sites. This was evident in an evaluation of E. camaldulensis clones across three sites that differed in rainfall in southern India. Most of the clones (selected from dry locations) were superior to native provenance seed at a dry site, whereas the number of superior clones decreased in an intermediate-rainfall site, and most clones were inferior to seed sources at a high-rainfall site (Varghese et al., 2008) . Since genetic diversity is essential for survival and adaptability of crop plants in diverse sites (Rao and Hodgkin, 2002) strategies to maximise gain in breeding orchards will result in loss of genetic diversity (Na et al., 2015) .
Genetic conservation and mating system in production populations Seed production areas are the most common and cost-effective means of producing genetically improved seed. SPAs function as breeding populations from where new favorable recombinants can be obtained. Long term tree breeding programs need to ensure a balance between genetic gain and genetic diversity in breeding populations (Gaiotto et al., 1997) . It is useful to have unpedigreed SPAs in long term breeding programs as they not only offer a quick means of improved seed in early stage of program, but also serve to reduce genetic erosion resulting from poor fertility in orchards (Kamalakannan et al., 2007) . Seed production areas should have a wide genetic base like the parent F 1 orchards of the current second generation SPAs, to incorporate the genetic and trait variation available in the species (Varghese et al., 2008) . High genetic diversity can be ensured in SPAs by using bulked seed from a large number of individual trees (Johnson et al., 2001) . In a comparative study of teak populations, no significant difference was reported in polymorphic loci between unimproved stands and SPA (Lyngdoh et al., 2013) , which is also observed in present study. Thus SPA can be effective in delivering reasonable gain without loss of genetic diversity in seed crop. Constitution of orchard and mating pattern are two factors that determine the gain and diversity obtained. This was clearly demonstrated in two F 2 SPAs (SPA 1&2) in the current study that were originally genetic gain trials of several F 1 mixed-provenance orchards. No significant gain was obtained from the F 1 SPAs due to poor fertility and adaptability of some provenances, and lower outcrossing rate ) than native stands (Butcher and Williams, 2002) . Hence new introduction was made from only four superior provenances (NAT) to rectify the drawback faced in first generation orchards. It is interesting to note that multilocus outcrossing rate (t m , 0.91-1.0) increased in two F 2 SPAs (SPA 1&2) compared to a high fertility F 1 SPA (t m , 0.86, Varghese et al., 2009) . Outcrossing rate may differ drastically between populations as observed in Irian Jaya (< 50 %) and Queensland (73 %) populations of E. pellita (House and Bell, 1996) . It is therefore evident that genetic gain and diversity can be obtained from an orchard only if the best provenances are used to produce outcrossed seed suited to the site. Preferential mating between different provenances (Jones et al., 2008) or adjoining trees (Gonzaga et al., 2016) can result in non-random mating and genetic drift.
In the present study outcrossing rate was generally high in SPAs 1 & 2 and CSO 1, as reported in a productive E. grandis orchard (t m = 0.97) by Chaix et al. (2003) . Reduction in genetic gain in bole volume (55 %) and seedling growth (9.5 %) has been reported (Chaix et al., 2010) with inbreeding (selfing and related mating) in E. grandis orchards (Gonzaga et al., 2016) . Identification and culling of inbred seedlings using molecular markers is proposed to reduce productivity loss due to inbreeding (Chaix et al., 2010) . In this study, self-pollination was detected in one seedlot each (low t m values) of SPA 3 and CSO 2, which reduced the diversity and survival of progeny. Related mating (t m -t s ) was low in most families except one family each of CSO 1 and SPA 2, which probably got carried over from correlated mating (22 %) reported in parent F 1 SPA . Correlated mating in F 2 progeny (0.024 -0.096) was generally less than the mean values reported by Gonzaga et al. (2016) in E. camaldulensis SSO (r p = 0.185) and Bezemer et al. (2016) in E. caesia (r p =0.136). It is quite evident from the current study that genetic diversity is a prerequisite for pure species improvement, as adaptability is compromised with reduction in number of alleles in the population. In E. gracilis, a preferentially outcrossed species, Breed et al. (2014) observed greater fitness in populations originating from multiple paternities. Decline in genetic diversity can have implications on adaptability of trees to withstand biotic and abiotic stresses under varying climatic conditions (Porth and El-Kassaby, 2014) . Hence a conservative strategy like SPA is quite effective to ensure sustainability in terms of adaptability to different sites.
Management of seed orchards
Fertility variation can be high in an orchard having large number of genotypes, especially in early stages of domestication of a species. Maintaining adequate number of pollen parents, and constant seed collection from superior trees will help to reduce genetic drift. Constant seed collection from a certain proportion of trees can increase diversity of seed crop (Kang et al., 2001) , as inferred from predicted GD in CSO 2. The major reason for genetic diversity difference between SPAs is that SPAs 1&2 (developed from genetic gain trials) had more grandparents than SPA 3. The genetic gain trials had 25 grandparents each from five first generation orchards whereas SPA 3 had a base of only 25 grandparents from one F 1 SPA. Thinning to remove inferior trees has further reduced the genetic base which has been further narrowed down, as only 26 % trees contributed to the gene pool. Danusevicius and Lindgren (2010) recommended restriction in number of parent trees per grandparent in an orchard for sustaining diversity and gain based on heritability of the trait.
Restriction in number of trees per family enables retention of alleles and high effective population size to sustain diversity in seed crop . When effective population size is low, relatedness increases giving little option for selection between families. High fertility variation coupled with low effective population size can result in reduced outcrossing rate as evident from low t m value in one family each of SPA 3 and CSO2. Low effective population size was reported in an E. tereticornis SSO (Varghese et al., 2003) due to high fecundity in a small proportion of trees, as seen in CSO 2. Johnson et al. (2001) suggested that 200 outstanding selections would be enough to maintain gain in breeding programs, but to conserve diversity higher number of parent trees (400-1000) is desirable, as observed in SPA 1&2. Diversity in terms of number of families represented would be a prerequisite for advanced generation breeding; and restriction in selection from each family is often practiced to ensure that alleles are conserved in each generation . Constant seed collection is also a similar strategy as evidenced by only 1 % reduction in number of alleles in CSO 2 compared to CSO 1 (despite big difference in fecundity) whereas there was 9 % difference in alleles per locus between SPA 2 and SPA 3. This trend is evident from the high self-pollination (t m = 0.69) rate observed in one family of SPA 3, which is close to the upper limit of self-pollination (0-36 %) reported in E. grandis populations (Jones et al., 2008) . Predicted diversity based on fertility observations in orchards gives a good estimate of the expected heterozygosity and group coancestry in seed crop (Park et al., 2017) . This is confirmed by the high positive correlation between H e and predicted gene diversity, and a similar trend in allelic richness, in SPAs and CSOs. The impact of genetic diversity on phenotypic traits (especially survival rate) implies that orchards have to be carefully monitored to produce seed crop of desired quality.
Deployment of hybrids
Interspecific hybrids of a few parent trees had higher survival and pulp yield due to higher diversity and PIC, despite having lower number of alleles than SPA seedlots of E. camaldulensis. A similar trend was reported by Larcombe et al. (2014) in native stands of E. camaldulensis where putative interspecific hybrids of a few parent trees had higher heterozygosity than pure species, despite having lower number of alleles. Interspecific hybrids are widely deployed worldwide as they have the capacity to combine desirable traits of different species and provide several benefits over pure species. Zhu et al (2017) reported better growth and survival of E. urophylla x E. camaldulensis hybrids than pure species in China, which is in line with the results of current study. Gardner et al. (2007) reported 2 % higher pulp yield in eucalypt hybrids (E. grandis x E. camaldulensis) than E. tereticornis in a low rainfall site in South Africa, as observed in this study. Retief and Stanger (2009) observed that 60 % of total genetic variance in hybrids (E. grandis x E. urophylla) was caused by dominance effects with large specific combining effects. A similar trend was observed in this study where four interspecific hybrid combinations of E. camaldulensis x E. urophylla were superior to pure species in growth and pulp yield out of 16 combinations tested (Kamalakannan et al., 2011) . Hybrids are not grown in a big way in India due to low adaptability in marginal sites. Hybrids were evaluated in the current study only in two sites along with other E. camaldulensis genetic material, but not in the third low productivity site. Hybrids tested in these two sites may not suite the arid low productivity site as eucalypts vary in water stress tolerance depending on rainfall at the site from which they originate (Arndt et al., 2014) . Performance of hybrids vary with site as observed by Luo et al. (2012) in China where E. tereticornis based hybrids had higher survival compared to E. grandis x E. urophylla hybrids. A dedicated hybrid (E. camaldulensis x E. urophylla / E. pellita) breeding program has been initiated to enhance wood and pulp yield in medium rainfall regions in southern India. When GxE interaction is quite high as observed by Gardner et al. (2007) , separate zones may have to be earmarked for deploying suitable hybrids for each region to get maximum genetic gain (Hardner et al., 2011 ).
Summary and implications in eucalypt breeding
Genetic diversity and phenotypic traits were evaluated in second generation SPAs, clonal seed orchards and commercial clones of E. camaldulensis, in relation to native Australian provenances and interspecific hybrids at diverse sites. Fertility variation and drift in F 1 parent orchards led to genetic erosion from the base population of 11 native provenances of E. camaldulensis. Low fertility was recorded in F 2 SPAs also, but number of alleles and genetic diversity were higher than native provenances in two SPAs (SPA 1-2), that originated from multiple F 1 orchard seedlots. Seed crops may vary in constitution depending on fertility of parent trees in orchards at diverse sites. Heterozygosity and allelic diversity are greatly influenced by effective population size which is used to estimate gene diversity, as a surrogate for genetic diversity in seed orchards (Funda et al., 2009) . Mating was close to random in CSO 1 (Ψ =1.95) but predicted GD and number of alleles were less than the SPAs due to low N s . During domestication it is important to ensure that heterozygosity prevailing in native stands, is enhanced or at least maintained in subsequent generations. Despite fertility variation and drift, large number of genetically unique individuals in SPAs 1&2 ensured high effective population size and outcrossing rate. Conservation of genetic diversity is of great significance in achieving productivity improvement in E. camaldulensis. Reduction in genetic diversity is manifested in poor overall fitness and survival of progeny. Gene diversity computed from fertility observations had high correlation with genetic diversity of seed crop estimated using molecular markers. The study points out that breeding programs for improving growth and wood traits should maintain high effective population size in orchards to ensure adequate diversity. Fertility variation can be controlled in orchards (especially CSO) using management techniques like constant seed collection to enhance gene diversity. Seed production areas with high effective population size and high outcrossing rate conserve more alleles and diversity in advanced generations than clonal seed orchards and clones of E. camaldulensis. Since the proportion of genetic diversity occurring within populations is high, a low input breeding strategy (SPA) which can accommodate large number of unrelated trees would give higher overall benefit in terms of both genetic and trait diversity. Short term strategies to enhance gain in high input breeding efforts like CSOs should ensure high fertility and effective population size for adaptability of progeny to multiple sites. Inbreeding from selfing, related mating and correlated paternity can reduce productivity in seed crops. Parent trees with high selfing or related mating can be identified for culling, or elimination in seed collection using fertility data and molecular markers. Self-pollination was detected in low diversity seed crops of SPA 3 and CSO 2. Genetic diversity and survival of progeny are influenced by the number of effectively contributing parent trees and mating system in orchard. This study reveals that fertility based gene diversity estimates can be used to predict seed quality and progeny performance, as evidenced by molecular markers and phenotypic traits. Since pulp yield is negatively correlated with genetic diversity and field survival, scope of improving this trait is limited in pure species due to low variability and large site effects. Interspecific hybrids of E. camaldulensis with E. urophylla or E. pellita can be deployed, after screening for adaptability to different sites, as they have more diversity, higher growth, and pulp yield than E. camaldulensis clones and seed lots.
